Abstract-A multiscale modelling methodology to predict the macroscale stiffness of selective laser sintered polycaprolactone (PCL)/b-tricalcium phosphate (b-TCP) materials is evaluated. The relationship between a micromechanics-evaluated composite material elastic modulus (E eff ) and segment grey-value (GV ave ) is established for a 90/10 wt% PCL/b-TCP material and compared to the previously established E eff vs. GV ave relationship for a 50/50 wt% PCL/b-TCP material. The increase in E eff with GV ave was found to be greater for the 90/10 wt% material than for the 50/50 wt% material. Differences in the material microstructures are visible with greater local conglomerations of b-TCP in the 90/10 wt% material compared to the 50/50 wt% material. These results indicate that the relationship between E eff and GV ave is material-specific and that one definition cannot be used to describe both materials. We have used the E eff and GV ave relationship specific to the 90/10 wt% material to assign element-specific elastic properties in a high resolution macroscale strut finite element model to successfully predict the experimentally-evaluated strut effective stiffness of the 90/10 wt%. These results combined indicate that this multiscale modelling methodology reasonably predicts the effective elastic modulus of selective laser sintering struts with different material configurations, and that it can be used to determine the material-specific definition of the relationship between E eff and GV ave for a particular material.
INTRODUCTION
Selective laser sintering (SLS) is a rapid prototyping method where a laser is used to sinter/melt a powdered material one layer at a time in a computer-generated pattern to build up a 3D part. Advantages of this fabrication method are a high degree of repeatability and conformity to the original design, the flexibility of design possibilities and the range of materials that can be used, including polymers, 14, 16, 28, 38, 42 polymer-ceramic composites 8, 11, 12, 21, 35, 43 and metals. 25, 36 The fabrication of ceramic composite materials using SLS can result in complex material microstructures that are influenced by many factors including particle size, laser power and ceramic content. 8, 16, 21, 43 The purpose of the incorporation of ceramic particles in polymer-based ceramics is traditionally to improve material properties by reinforcing the polymer phase, in particular to increase the material elastic modulus. 3, 7 However, in the case of SLS-fabricated composite materials, the ceramic phase has been shown to act as a barrier to sintering, requiring increased laser power for sintering. 21 This is due to the difference in sintering temperatures of the polymer and ceramic phases. Sintering of this type of composite material is carried out at temperatures above the melt temperature of the polymer phase but below the melt temperature of the ceramic phase. Therefore the ceramic particles do not get sintered, and act to inhibit the flow and consolidation of the polymer melt. b-tricalcium phosphate (b-TCP) particles are commonly included in orthopaedic scaffolding materials as they have good biocompatibility and osteoconductivity, both on their own and in combination with polymers. 9, 18, 20, 23, 29, 41 While the inclusion of large volumes of b-TCP in polymeric scaffolds is desirable to promote osteoconductivity, the effect of this on the resulting scaffold material properties must be considered.
Finite element models using 3D CAD geometries have proven to be unable to capture the mechanical behaviour of this type of SLS-fabricated scaffold 5, 40 due to the fact that CAD models can only account for the intended scaffold macroporosity but cannot account for any scaffold microporosity or surface roughness that occur as a result of the fabrication process. High resolution finite element meshes generated from micro-chromatography (l-CT) scans of bone tissue engineering scaffolds can overcome this by accurately capturing real scaffold geometries on the macroscale and microscale. 6, 24, [31] [32] [33] 37, 40 A methodology to generate effective elastic properties on the microscale of 50/50 wt% polycaprolactone (PCL)/b-TCP SLS materials using microstructural modelling methods was established in a previous study carried out by the authors. 10 Heterogeneous material property assignment based on element grey-value was applied in high resolution full strut FE models (macroscale) generated from l-CT scans, resulting in a reasonable prediction of the experimentally obtained strut elastic modulus. Pixel grey-value refers to the intensity of a pixel on a l-CT scan image.
The overall goals of this study are to test the capabilities of the previously developed micromechanical modelling methodology by applying it to a similar material with a different polymer-ceramic ratio. Specifically, the first objective of this study is to establish whether the relationship between the material elastic modulus and average grey-value on the microscale is the same for SLS materials with different volumes of b-TCP particles. The second objective of this study is to test the ability of this methodology to predict the macroscale strut effective modulus of the materials. The validity of these models is assessed by comparing the predicted macroscale strut effective modulus of 90/10 wt% PCL/b-TCP struts with the experimentally evaluated strut modulus.
MATERIALS AND METHODS

Materials, Fabrication and Tensile Testing
Poly-e-caprolactone (PCL) powder (CAPA6506, Solvay, UK) with a powder particle diameter of 600 lm was cryogenically milled to particles sizes of 0-110 lm, without the use of additives, at Noll Aufbereitungstechnologie GmbH (Bobingen, Germany). The particle size distribution for particle sizes with diameter 0-110 lm was measured by Noll Aufbereitungstechnologie GmbH giving values of D 10% = 16.10 lm, D 50% = 42.86 lm (median particle size), and D 90% = 76.42 lm. This powder was then sieved to separate particles with diameter 0-50 and 50-110 lm. PCL powder with a particle size of 50-110 lm and b-TCP (Fluka) with a particle size of 3-5 lm were mixed in a 90:10 wt% ratio (approximately 5 vol% b-TCP) using a hand mixer for 5 min until well blended to give a 90/10 wt% PCL/b-TCP powder mix. This PCL particle size is the same as used in the fabrication of full 90/10 wt% scaffolds by Lohfeld et al. 22 Individual struts with a rectangular cross section of 0.77 mm 9 0.55 mm and length of 13 mm were fabricated in ladders of struts using SLS with the Sinterstation 2500 plus system (DTM, USA). In short, the outline scan method 9 was used to achieve a small strut cross section. A laser power of 7 W was used, with a laser spot diameter of 410 lm, laser scan speed of 1778 mm/s, part bed temperature of 49°C and powder layer thickness of 0.11 mm.
The elastic modulus of the 90/10 wt% PCL/b-TCP struts was evaluated using uniaxial tensile testing on a Zwick biaxial testing machine at a strain rate of 1% of the gauge length per minute. Tensile samples were prepared by gluing each strut end inside small, stiff plastic tubes (outer diameter 2.5 mm, wall thickness 0.4 mm) using a gel cyanoacrylate adhesive (Loctite Ò Power Easy TM ). The plastic tubes were then gripped directly to prevent damage to the strut at the grips. Strain was measured using a calibrated video extensometer camera and dimensions were measured prior to testing using the calibrated video extensometer camera. Tensile tests were carried out as per ISO 527-1.
Structural and Morphological Characterization
High resolution scans of the 90/10 wt% single scaffold struts (macroscale scan) were obtained using a micro-computed tomography (l-CT) scanner (SkyScan-1072 High-resolution desk-top micro-CT system, University of Aberdeen, UK) with a voxel size of 14.65 lm. In addition a higher resolution scan of the 90/10 wt% material (microscale scan) was obtained from a small segment of a 90/10 wt% strut (approximate dimensions 0.77 mm 9 0.1 mm 9 0.1 mm) using X-ray microtomography (XMT) (phoenix nanotom Ò , GE, at SEAM, Waterford Institute of Technology, Ireland) with a voxel size of 0.83 lm. All scanning was carried out on struts that had not been tensile tested but that were fabricated in the same batch as the tensile specimens in the ''Materials, fabrication and tensile testing'' section.
Micromechanical Analysis
A micromechanical study was conducted to determine the relationship between material modulus (E eff ) and average grey-value (GV ave ) on the microscale. FE models of cuboidal material segments were generated from the microscale scan (voxel size 0.83 lm) using Mimics software with segment dimensions approximately equal to one element in the full strut models in the ''Computational modelling of full strut geometries'' section (edge length 29.05 lm). The PCL and b-TCP phases were represented as separate materials in one meshed part and the average CT scan grey-value was calculated for each segment. A FE mesh with 8-noded hexahedral voxel elements with reduced integration was generated for each segment. Linear elastic material properties and a Poisson's ratio of 0.3 were assumed for both phases. The elastic modulus of cast PCL (E PCL = 277 MPa 10 ) and a b-TCP elastic modulus (E b-TCP ) of 24.6 GPa were assumed. 39 Abaqus/ Standard V6.10 was used for all simulations. A total of 21 segment models were generated, with average segment grey-values ranging from 100 to 141. These were divided into seven groups based on GV ave , with three segments per group in order to represent possible variations in material composition.
The ''windowing approach'' as described for example in Refs. 2, 17, 26 was used to determine the effective elastic modulus of each segment. The windowing approach involves the application of three types of uniform boundary conditions: kinematic, static, and mixed uniform boundary conditions. For kinematic uniform boundary conditions (KUBC) a macroscopically homogeneous strain tensor, e, is imposed on all boundaries, whereas for static uniform boundary conditions (SUBC) a macroscopically homogeneous stress tensor, r, is imposed on all boundaries. Mixed uniform boundary conditions (MUBC) are a combination of KUBC and SUBC. Boundary conditions are only assigned to the faces perpendicular to the loading direction allowing the other four faces to freely deform, resulting in zero stresses and non-zero strains on non-loaded faces. We have established in our previous study that E eff evaluated using MUBC falls between E eff evaluated using KUBC and SUBC, and that it can be used to predict the macroscale elastic properties of sintered struts. 10 For this reason, MUBC are used to evaluate E eff in this study. MUBC were applied to each segment and tensile simulations in 1-, 2-, and 3-directions as well as shear simulations in the 1-2, 2-3, and 3-1 planes were carried out for each segment. The effective isotropic elastic modulus E eff was evaluated for each segment using strain energy density equivalence. The strain energy density (U) for each deformed configuration was calculated using Eq. (1) where r 11 is the volume average stress in the 1-direction, r 12 is the volume average shear stress in the 1-2 plane, e 11 is the volume average strain in the 1-direction and c 12 is the volume average shear strain in the 1-2 plane with c 12 = 2 e 12 . This can then be related to the constitutive equations for a linear elastic material. 4 The volume averaged stress AErae can be calculated as a function of volume averaged strain AEeae, E eff and effective Poisson's ratio (t eff ), are described by Eq. (2).
E eff can be re-written as Eq. (3) for the case of uniaxial tension and Eq. (4) 
Computational Modelling of Full Strut Geometries
High resolution finite element (FE) models of the 90/ 10 wt% full scaffold struts with a voxel size of 29.3 lm were generated from micro-CT scans using MIMICS software (Materialise, Belgium); the voxel size was reduced from 14.65 lm to reduce the computational cost of running the models. Reduced integration 8-noded hexahedral voxel elements were used for each strut model. Meshes were generated for four individual struts, and tensile tests of each scaffold strut were simulated to replicate the experimental test set-up as described in the ''Materials, fabrication and tensile testing'' section. Strain in the strut gauge length was calculated from the displacement of two nodes at a distance of 8 mm apart, representative of the measurement of nominal strain in experimental tensile tests of the 90/10 wt% struts (''Materials, fabrication and tensile testing'' section). Nominal strain (e) was calculated as the change in distance between these two nodes during the simulation and dividing by the original distance between these nodes. Stress (r) was calculated as the total reaction force divided by the average cross-section area, and the strut effective modulus E was calculated as E = r/e.
The elastic modulus for each individual element of each strut model was assigned based on the grey-value of that element and the E eff -GV ave relationship generated using the micromechanical models (Fig. 2) , as described in the ''Micromechanical analysis'' section. The element-specific modulus values were assigned to the full strut models based on GV ave using MIMICS software (Materialise, Belgium). For comparison, simulations of all four strut geometries were carried out where the elastic modulus value of cast PCL (E PCL = 277 MPa 10 ) was uniformly assigned to the individual elements in each strut. It should be noted that this method is not representative of the real material as it does not account for the b-TCP phase. However, as PCL constitutes approximately 95% of the volume of this material it is anticipated that that the material properties of the PCL component would dominate the overall strut mechanical behaviour, therefore E PCL is included for comparison purposes. In all cases isotropic linear elastic constants were used with a Poisson's ratio t = 0.3.
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Degree of Anisotropy
Isotropic elastic properties are assumed in all macroscale full strut models (''Results'' section) as the voxel grey-value is the only information available, i.e., no directional information is available. In order to validate assumption of isotropy the degree of anisotropy (A) of the microscale segment models was calculated using the method outlined by Kanit et al. 19 where anisotropy is calculated as a function of the 3D material stiffness matrix C, as opposed to calculating anisotropy in a given plane as is common elsewhere. 1, 15, 27, 34 Simulations of seven micromechanical segments of the 90/10 wt% material, one segment from each average grey-value range, were carried out using KUBC. 19 The value of A of segments of the 50/50 wt% material used in a previous study 10 were also evaluated for comparison purposes. The anisotropy value is calculated from Eq. (7), where Y 11 , Y 12 , and Y 44 are calculated from C (Eq. 6) using Eqs. (8)- (10)
RESULTS
Materials, Fabrication and Tensile Testing
Single bone tissue engineering scaffold struts were successfully fabricated from a 90/10 wt% PCL/b-TCP powder mixture using SLS. The experimentally determined elastic modulus of the 90/10 wt% struts was found to be 123.51 ± 30.20 MPa (n = 16). The experimentally determined elastic modulus of 50/ 50 wt% struts was evaluated in a previous study giving 98.87 ± 22.59 MPa (n = 7). 10 
Structural and Morphological Characterization
High resolution CT scan images of the 90/10 wt% material are shown in comparison with CT scan images for the 50/50 wt% material generated in a previous study 10 in Fig. 1 , showing inhomogeneous microstructures for both 90/10 and 50/50 wt% SLS materials. The b-TCP content and particle sizes in the 90/ 10 wt% struts are the same size as the powder particles used to fabricate full 90/10 wt% PCL/b-TCP scaffolds for an in vivo study by Lohfeld et al., 22 whereas a reduced PCL particle size of 0-50 lm was required for the fabrication of 50/50 wt% PCL/b-TCP struts in order to achieve sintering with increased b-TCP content. 10 A smaller volume of individual b-TCP particles are visible in the scan image of the 90/10 wt% material, as expected from the lower % composition in this material. Small agglomerations of b-TCP are visible as bright regions and porous regions are visible as darker regions in both scan images. The small b-TCP particles in the 90/10 wt% material are located along the outside of the larger PCL particles and in 'seams' along the interface between sintered PCL particles in fullysintered regions. In contrast, the small b-TCP particles in the 50/50 wt% material are more interspersed throughout the material, likely as a result of the smaller PCL particles.
Micromechanical Modelling Results
Micromechanical modelling results for the 90/ 10 wt% material, carried out for 21 segments using MUBC, are presented in Fig. 2 . The average E eff for each grey-value level was calculated and the line fit in Fig. 2 gives a linear relationship between E eff and GV ave . This established relationship between E eff and GV ave for the 90/10 wt% material is shown in Fig. 3 in comparison to the equivalent relationship for the 50/ 50 wt% material established in our previous publication. 10 The slope is greater for the 90/10 wt% material, indicating that the change in E eff with increasing GV ave is greater for the 90/10 wt% material than the 50/ 50 wt% material.
Full Strut Modelling
Full strut FE models were successfully generated for the 90/10 wt% full scaffold struts using Mimics soft- Comparison of the E eff vs. average segment greyvalue relationship for the 90/10 wt% material and our previously published 50/50 wt% material. 10 The dependence of segment E eff on average grey-value is greater for the 90/ 10 wt% material than for the 50/50 wt% material.
ware. Section view images of the strut FE model geometry of a 90/10 wt% strut and a 50/50 wt% strut are shown in Fig. 4 , with regions of stiff material highlighted by a lighter grey and regions of softer materials marked by darker greys. A greater amount of porosity along the loading axis is visible in the 50/ 50 wt% strut than the 90/10 wt% strut. The volume percentage of elements within each grey-value range for each strut model type is shown in Fig. 5 . A similar distribution of elements are observed for each material however the greatest percentage of elements in the 90/ 10 wt% struts are at a grey-value of approximately 100, whereas the greatest percentage of elements in the 50/50 wt% struts have a lower grey-value of approximately 70.
The experimentally evaluated elastic modulus of the 90/10 wt% struts and the 0/50 wt% struts are given in the ''Materials, fabrication and tensile testing'' section. The strut effective modulus calculated from tensile simulations of the 90/10 wt% struts with a range of input mechanical properties are shown in comparison with the experimental strut modulus in Fig. 6 . Analysis of the results show no statistical difference between the experimental strut modulus and the effective strut modulus of the 90/10 wt% struts (n = 4) evaluated using the microstructure-based method when compared using a Mann-Whitney test (p value = 0.1190). A non-parametric test was used due to low sample numbers. The use of homogeneous PCL elastic properties (n = 4) does not give an accurate prediction of the strut effective modulus for the 90/10 wt% struts (p value = 0.0029), therefore the use of microstructurebased material property assignment is more accurate than the use of PCL elastic properties for the 90/ 10 wt% struts. The computational and experimental strut effective modulus of the 50/50 wt% struts generated in our previous study 10 are included for comparison purposes. Results for the 50/50 wt% struts show no statistical difference between the experimental strut modulus and the effective strut modulus (n = 4) evaluated using the microstructure-based method when compared using a Mann-Whitney test (p value = 0.0726). Overall, the use of homogeneous PCL properties was shown to overestimate the strut effective modulus. The heterogeneously assigned material properties generated from micromechanical modelling give the most reasonable prediction of strut elastic modulus.
Degree of Anisotropy
The degree of anisotropy was calculated for micromechanical segments of both the 90/10 wt% material used in this study and the 50/50 wt% material presented in a previous study. The results for both materials are shown in Fig. 7 with respect to GV ave (left) and volume % of b-TCP. These results indicate that the segment models for both materials are generally close to isotropy (A = 1), with an average of A = 1.11 for the 90/10 wt% material and A = 1.02 for the 50/ 50 wt% material. Representative segment model geometries for segments containing small and larger quantities of b-TCP are presented in Fig. 8 for each  material, showing the values of A for each segment.
DISCUSSION
The first objective of this study was to determine whether the relationship between E eff and GV ave is the same for SLS materials with different volumes of b-TCP. It is clear from Fig. 3 that this is not the case. The increase in E eff with increasing grey-value is greater for the 90/10 wt% material than for the 50/ 50 wt% material and therefore the GV ave -E eff relationship is specific to each material. This is likely due to the influence of the different material compositions on sintering conditions and the resulting material microstructures (Fig. 1) . Segments of the 90/10 wt% material have a larger difference between E eff at low and high values of GV ave as the local conglomerations or 'seams' of b-TCP have a high E eff , compared to the surrounding regions of PCL. In contrast, segments of the 50/50 wt% material with high b-TCP content tend to have b-TCP particles dispersed throughout the PCL matrix and as a result there is a smaller difference between E eff at low and high values GV ave .
The degree of anisotropy (A) 19 of the micromechanical segments was calculated to evaluate if the use of isotropic elastic moduli is appropriate. The segment models for both materials are generally close to isotropy (A = 1), with average values of A 90/10wt% = 1.11 and A 50/50wt% = 1.02. This verifies our assumption of isotropy for full strut FE models where anisotropy cannot be applied for the simple reason that the only element information available is grey-value and that no directional information is available. Segments generated from the 90/10 wt% material are slightly less isotropic than segments generated from the 50/50 wt% material, Fig. 7 , due to the presence of 'seams' of b-TCP along one direction in the 90/10 wt% material, for example along the front-facing side of the segment in the top right of Fig. 8 .
The second objective of this study was to determine the ability of this multiscale methodology to predict the macroscale strut effective modulus of these SLS materials. The micromechanical approach to elastic modulus assignment in the full strut simulations gives a more reasonable estimate of strut modulus compared to uniform homogeneous elastic modulus values, as shown by comparisons with E PCL in Fig. 6 . In full strut simulations with homogeneous PCL elastic modulus (Fig. 6 ) the effect of macropores and surface roughness are accounted for by the high resolution strut mesh but microscale features are not. Using the modulus values presented in Fig. 6 , the ratio of the 90/10 wt% strut modulus to the 50/50 wt% strut modulus is 1.77 when homogeneous PCL elastic properties are used. This indicates the large effect that the increased number of macropores in the 50/50 wt% struts (Fig. 4) has on reducing the overall strut modulus. However, the value for the 90/10 wt% strut modulus is much higher than the experimentally determined value due to the fact that strut microporosity is not accounted for in these models, i.e., the modulus for solid, cast PCL is assigned uniformly to all elements.
In full strut simulations where the micromechanics-derived elastic moduli are applied (Fig. 6 ) the effect of the macropores and the microscale features are accounted for giving a much better representation of the overall material behaviour. The microscale features that are captured include the microporosity of the sintered material, which has the effect of reducing the strut modulus compared to the homogeneous PCL properties, and also the reinforcing effect of the b-TCP particles. For these strut models, the ratio of the 90/ 10 wt% strut modulus to the 50/50 wt% strut modulus is 1.23, which is close to the value of 1.25 for the experimental results and considerably less than that of the homogeneous PCL models (1.77). This is due to the incorporation of the microscale features in the micromechanical models. Specifically, for the 90/10 wt% struts, the microporosity of the sintered material has the effect of reducing the overall strut modulus while reinforcing effect of the 10 wt% b-TCP is relatively small. For the 50/50 wt% struts, again the micropo-FIGURE 5. Element grey-value distribution in full strut FE models for both the 90/10 and 50/50 wt% struts (average over four struts for each strut type). Error bars represent mean 6 standard deviation. FIGURE 6. Full strut computational model results for macroscale strut models of 90/10 and 50/50 wt% PCL/b-TCP struts. Models using the micromechanical-evaluated material properties gave the best approximation of the experimental result (shown in red) for both strut types. Error bars represent mean 6 standard deviation. Test sample sizes were n 5 4 for all computational model results, n 5 16 for the 90/10 wt% struts and n 5 7 for the 50/50 wt% struts. rosity of the sintered material has the effect of reducing the strut modulus but the reinforcing effect of the 50 wt% b-TCP is much greater than for the 90/ 10 wt% material. For the 50/50 wt% struts, it is the reinforcing effect which dominates, causing a slight increase in the overall strut modulus for the micromechanical model compared to the homogeneous model.
Although the modulus ratio between the 90/10 and 50/50 wt% strut moduli for the micromechanical models agrees quite well with the experimental results, the absolute values of the strut modulus are approximately 25% higher in both cases. This may be due to the value of the PCL modulus that was chosen for the micromechanical modelling (E PCL = 277 MPa 10 ) which was based on tensile testing of cast PCL material. It is possible that the modulus of cast PCL is higher than that of PCL which is processed by laser sintering, which would have the effect of increasing the strut elastic modulus in the model results presented in Fig. 6 . The exact processing conditions of PCL during sintering (temperature, duration of exposure etc.) are not known. However, it should be noted that in order to replicate the conditions as closely as possible, the same PCL powder was used to create the PCL tensile samples and the sintered struts, and a vacuum melt temperature of 120°C was used as per a study by Roosa et al. in which solid PCL samples were fabricated using vacuum moulding. 30 The results of this study have established that the relationship between E eff and average segment greyvalue of composite SLS materials is specific to each material configuration and that a 'one size fits all' definition does not apply. We have used the methodology established in our previous study 10 to generate a material-specific definition of the relationship between E eff and average segment grey-value for the 90/10 wt% PCL/b-TCP material. This relationship has been shown to successfully predict the stiffness of 90/ 10 wt% PCL/b-TCP struts by using grey-value specific assignment of elastic properties in full strut simulations. The l-CT approach to full SLS strut modelling captures variations due to macroscale features, i.e., macropores and surface roughness, through the use of l-CT derived high resolution macroscale FE meshes. Microscale features such as microporosity and the presence of b-TCP particles are accounted for in models where the l-CT derived micromechanical elastic modulus is applied. This would not be possible with CAD based FE modelling, as neither macroscale nor microscale features would be accounted for.
These results indicate that the multiscale modelling framework described here and in our previous publi- cation 10 can reasonably capture the effective elastic modulus of SLS struts of different materials, but that a material-specific definition of the relationship between microscale stiffness and grey-value is required. This can be achieved using the microstructure-based modelling method presented here and in our previous study. 10 In conclusion, the main result of this study is that this multi-scale methodology can predict the macroscale properties of this type of material, that it can be used to generate the specific set of constants that is required for a particular material.
